Towards skyrmion-superconductor hybrid systems by Kubetzka, André et al.
Towards skyrmion–superconductor hybrid systems
Andre´ Kubetzka, Jan M. Bu¨rger, Roland Wiesendanger, and Kirsten von Bergmann∗
Department of Physics, University of Hamburg, Jungiusstr. 11, 20355 Hamburg, Germany
(Dated: June 23, 2020)
Spin-polarized scanning tunneling microscopy is used to identify the magnetic state of different
thin films on a Re(0001) substrate, which becomes superconducting below 1.7 K. All magnetic films
contain an Fe/Ir interface, which is known to facilitate the emergence of non-collinear magnetic order.
For Fe monolayers on ultra-thin Ir films of different thickness we find several different atomic-scale
magnetic states. For Pd/Fe bilayers we find nano-scale spin spirals as magnetic ground states for
Ir thicknesses of three and four atomic layers. In applied magnetic fields skyrmions emerge, and
in remanence non-trivial magnetic textures survive. This demonstrates the possibility to prepare
skryrmion-hosting magnetic films on superconducting substrates.
Recently, several theoretical studies highlighted inter-
esting properties that are predicted to arise when mag-
netic skyrmions are in direct contact to a superconduc-
tor [1–7]. From a practical point of view the realization of
hybrid skyrmion–superconductor systems is experimen-
tally not trivial: on one hand the formation of magnetic
skyrmions occurs usually only in a limited phase space,
defined by a subtle balance of several different material-
specific magnetic interactions and energies, in particular
the isotropic exchange interaction, the Dzyaloshinskii-
Moriya interaction, the magnetocrystalline anisotropy
energy, and the Zeeman energy [8]. On the other hand,
the number of superconducting materials which can be
interfaced with a skyrmion-hosting magnetic film is lim-
ited. To make things worse, magnetic skyrmions typi-
cally arise upon application of an external magnetic field,
which is detrimental to superconductivity.
The Fe/Ir interface has proven to be beneficial for
magnetic skyrmion formation [9–13]. In the fcc-stacked
Fe monolayer on Ir(111) a square nanoskyrmion lattice
emerges with about 14 atoms in the magnetic unit cell [9].
It is driven by the competition of exchange interactions,
the Dzyaloshinskii-Moriya interaction, and higher-order
magnetic interactions, and exists also in the absence of
an external magnetic field. Indeed, it does not react
to applied magnetic fields of up to B = 9 T [14]. The
hcp-stacked Fe monolayer on Ir(111) exhibits a hexago-
nal nanoskyrmion lattice [15]. Other magnetic films with
Fe/Ir interfaces are Pd/Fe atomic bilayers [10, 16], the Fe
triple layer [11], and the hydrogenated Fe double layer on
Ir(111) [13], all of which exhibit a nano-scale spin spiral
ground state with skyrmions induced by external mag-
netic fields. In addition, Ir/Fe/Co/Pt multilayers [12]
have shown skyrmions.
At first glance it appears promising to interface Fe
with a different 5d single crystal which is superconduct-
ing, such as Re(0001) with a critical temperature of
T = 1.7 K. The Re(0001) surface can be prepared to be
very clean as demonstrated by scanning tunneling mi-
croscopy (STM) measurements [17], and the supercon-
ducting properties can be investigated with tunnel spec-
troscopy [18, 19]. However, a pseudomorphic monolayer
of Fe on Re(0001) exhibits strong antiferromagnetic cou-
pling; on a hexagonal lattice this gives rise to the Nel
state with 120◦ between all nearest neighbor magnetic
moment pairs [20, 21]. In contrast to Fe/Ir, no magnetic
skyrmions were observed in Fe-based ultrathin films di-
rectly on the Re(0001) substrate. One experimental ex-
ample of a magnetic film with magnetic skyrmions in re-
manence, epitaxially grown on a superconductor, is a Co
monolayer on Ru(0001) [22]; the skyrmions are compara-
bly large with diameters of some ten nanometers and the
critical temperature for superconductivity is 0.5 K, even
lower than that of Re(0001).
Here, we demonstrate a route towards a hybrid
skyrmion-superconductor model-type system, by prepar-
ing the well-known skyrmion-friendly interface Fe/Ir on
a superconducting Re(0001) single crystal substrate.
These materials are a promising match because the lat-
eral lattice mismatch between the hexagonal surfaces of
Ir(111) and Re(0001) is only 2% and we anticipate pseu-
domorphic growth of ultrathin Ir films on a Re(0001)
substrate. We employ epitaxial growth to first cover a
superconducting Re(0001) crystal with atomically thin
Ir layers, thereby mimicing the substrate for skyrmion
hosting magnetic films. Then we create an Fe/Ir interface
by adding submonolayer amounts of Fe; subsequently we
also deposit Pd to fine tune the magnetic properties. We
show that both the magnetic states of the Fe monolayers
as well as Pd/Fe atomic bilayers depend critically on the
thickness of the Ir film and the stacking of the adlayers.
Using (spin-polarized) STM [23] we study the growth
and the magnetic states of various samples with differ-
ent amounts of Pd,Fe,Ir on a Re(0001) substrate. We
find that post-annealing of Ir/Re samples is beneficial
for the formation of extended areas of Ir (see Supple-
mentary Information [23]). Ir grows pseudomorphic up
to a thickness of at least 5 atomic layers (AL); while we
cannot derive information about the relative stacking of
each layer, we see no sign of a coexistence of both pos-
sible stackings within any of the layers. We observe the
formation of islands, and typically several different layer
thicknesses of Ir coexist on one sample [23].
When about 1.3 AL of Ir are deposited onto Re(0001)
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2and subsequently annealed, we find a fully closed Ir
monolayer (Ir-1) with many single atomic layer Ir islands
on top, which then have the local coverage of two atomic
Ir layers (Ir-2); some Ir-3 layers are also observed. Af-
ter subsequent deposition of about 0.3 AL of Fe such
a sample has the morphology as shown in the STM
constant-current image of Fig. 1(a). Together with the si-
multaneously measured dI/dU map in Fig. 1(b), we find
that Fe dominantly forms monolayer high islands on Ir-2,
and also attaches to the rim of Ir-2 islands, resulting in
Fe/Ir-2 and Fe/Ir-1 patches, respectively (see side view
sketch in (b)). For the Fe monolayers both on Fe-1 and
on Fe-2 we find a (
√
3 × √3)R30◦ magnetic superstruc-
ture [23], indicating that the magnetic ground state is
the Nel state, which is also the ground state of the Ir-
free Fe/Re(0001) [21].
On the Ir-3 islands, two different types of pseudomor-
phic Fe monolayers can be found, as indicated by a and
b in the STM constant-current image shown in Fig. 1(a);
they can clearly be distinguished by their dI/dU signals,
see Fig. 1(b). We conclude that the difference in the two
Fe/Ir-3 layers is the stacking of the Fe, i.e. one of them
grows in fcc and the other one in hcp configuration with
respect to the underlying Ir layers. A closer view of an
a-Fe/Ir-3 island is shown in the STM constant-current
image of Fig. 1(c); the stripes are of magnetic origin and
two rotational domains are present. The stripes run per-
pendicular to close-packed atomic rows and the spacing
between the stripes is about 0.58 nm, which is roughly
twice the nearest neighbor Re distance of 0.2761 nm. The
derived magnetic unit cell is sketched in Fig. 1(d) to-
gether with a suggestion for the magnetic state.
Figure 2 shows a different sample with a nearly com-
plete AL of Fe on Ir-3 and Ir-4 layers. We find that
b-Fe/Ir-3 is stabilized in vacancy islands within the Ir-4
layer, whereas the a-Fe is typically found near buried step
edges of the Re substrate. Again, the different stackings
can be distinguished by their dI/dU signal, see Fig. 2(b).
The area indicated by the box in (a) is shown in (c); to en-
hance the magnetic superstructures this STM constant-
current image has been partially differentiated. Fig-
ure 2(d) shows an enlarged view of the indicated Fe/Ir-4
area. The observed (
√
3×√3)R30◦ magnetic superstruc-
ture is characteristic of the Ne´el state, see inset; it occurs
in two inverted domains, as seen on the right and left side
of this area. Figure 2(e) shows the three b-Fe/Ir-3 areas,
in which a different magnetic superstructure occurs. The
magnetic state is roughly square with a lattice constant
of about 0.77 nm, see inset; the three areas show the three
possible rotational domains. The uni-directional beating
pattern possibly originates from confinement effects of
the magnetic state due to the boundary, or from the in-
commensurability of the magnetic state with respect to
the atomic lattice. This magnetic superstructure is rem-
iniscent of the nanoskyrmion lattice found in fcc-stacked
Fe on Ir(111) [9], with a slightly reduced (10%) lattice
constant. This suggests that the b-Fe/Ir-3/Re(0001) is
another example of an atomic-scale skyrmion lattice, in
this case in direct vicinity to a superconducting material.
In order to utilize possibly emerging exotic phenom-
ena like Majorana bound states for, e.g., quantum com-
putation, it is desirable to be able to manipulate and
control the magnetic state. This usually proves to be
difficult for atomic-scale periodic magnetic structures:
whereas it has been shown that the square nanoskyrmion
lattice can switch between its different rotational do-
mains [24], the isolation and manipulation of a single
skyrmion has not been possible. However, previous in-
vestigations have shown that the atomic-scale magnetic
nanoskyrmion states of the Fe monolayers on Ir(111) can
be tuned into magnetic-field induced skyrmion systems
by Pd overlayers [10]. Such Pd/Fe atomic bilayers on
Ir(111) can stabilize not only skyrmion lattices, but also
metastable single magnetic skyrmions that can be cre-
ated and annihilated with the tip of an STM [10, 16]. In
addition, it has been shown that these individual mag-
netic skyrmions can be moved laterally across the film by
coupling them to adsorbed clusters, which can be moved
across the surface by manipulation with the STM tip [25].
In this manner a braiding of skyrmion-induced Majorana
bound states might be possible.
To find a system in which isolated magnetic skyrmions
can occur, we have prepared Pd/Fe atomic bilayers on Ir
films on Re(0001). Figure 3 shows a preparation with
about half an atomic layer of Pd on a sample with
nearly a full atomic layer of Fe on about 2.6 AL of Ir
on Re(0001). Comparison of the STM constant-current
image (a) and the simultaneously aquired dI/dU map
(b) allows an assignment of the layer sequences of the
exposed layers, see also [23]. We find that the Pd/Fe
atomic bilayer areas on Ir-3 exhibit a stripe pattern.
When an external magnetic field of B = +2.5 T is ap-
plied, see Fig. 3(c), the stripes vanish and instead round
objects emerge. At B = +1.5 T bright rings are ob-
served, Fig. 3(d). This feature is characteristic of mag-
netic skyrmions imaged by the tunnel non-collinear mag-
netoresistance effect (NCMR) [16, 26, 27], which is based
on the fact that the electronic states of locally non-
collinear spin textures are different from those of mag-
netically collinear configurations. Due to this differ-
ence also the vacuum density of states, which is the
parameter determining the signal in STM, changes lo-
cally across a skyrmion. The NCMR has been identified
in Pd/Fe/Ir(111) [16, 26] and we find similar character-
istics in the energy-resolved differential conductance of
Pd/Fe/Ir-3, as measured by tunnel spectrocopy [23]. In
analogy to Pd/Fe/Ir(111), we conclude that the mag-
netic ground state of Pd/Fe/Ir-3 is a spin spiral with a
period of roughly 7.5 nm, which in NCMR images ap-
pears as stripes with distances of half the magnetic pe-
riod [23]. The magnetic field induces magnetic skyrmions
that are imaged as rings at intermediate magnetic fields
3and transform into dots at higher magnetic fields [16, 26].
The magnetic skyrmions in the Pd/Fe film, Fig. 3(c,d),
are induced by applied magnetic fields which are sig-
nificantly larger than the critical magnetic field for the
superconductivity of Re(0001). However, it has been
shown that zero-field skyrmions can exist in thin-film
systems, either due to confinement [28, 29], in rema-
nence [30, 31], or due to a favorable interplay of mag-
netic interactions [32]. Indeed we find that both in the
virgin state (b) and in the remanent state (e) the mag-
netic state of Pd/Fe/Ir-3 has several areas, which are ex-
pected to give rise to local topological charges [33], such
as branches, loose ends, or expanded skyrmions. The
details of the local spin texture can be changed, as evi-
dent by imaging the same area multiple times, compare
Fig. 3(e) and (f) (see also [23]). In this way different mag-
netic states can be prepared within the identical sample
area, which allows a disentanglement of the impact of the
magnetic texture on exotic properties from the influence
of structural or electronic effects.
In conclusion, we have demonstrated that the Fe/Ir
interface can be prepared on a Re substrate, where it
still facilitates the formation of magnetic skyrmions. The
Fe monolayer on Ir(111) is characterized by a competi-
tion of different magnetic interactions and energies, and
this is reflected by the sensitivity of its magnetic state
to the stacking and number of supporting Ir layers on
Re(0001). Whereas Fe on Ir-1, Ir-2 and Ir-4 exhibit the
Ne´el state, on Ir-3 the two stackings of Fe show two dif-
ferent magnetic structures: a 0.58 nm spin spiral and a
0.77 nm skyrmion lattice. The addition of a Pd overlayer
onto Fe/Ir-3 and Fe/Ir-4 leads to spin spiral ground states
with periods on the order of 7 nm. Application of exter-
nal magnetic fields results in the formation of magnetic
skyrmions. Also in zero field magnetic objects are ob-
served, which are expected to have non-vanishing topo-
logical charge. Both the atomic-scale skyrmion lattice
and the zero-field magnetic objects are in direct vicinity
to the Re substrate, which could serve as a platform to
search for exotic phenomena due to the interplay of mag-
netic skyrmions and superconductors below the critical
temperature.
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5Figure 1. Growth and magnetism of Fe on Ir on Re(0001). (a) STM constant-current image (partially differentiated) of a
sample with about 0.3 AL of Fe deposited onto a sample with about 1.3 AL of Ir on Re(0001). The letters a and b indicate
different types of Fe/Ir-3 islands. (b) Simultaneously acquired dI/dU map, in which the different layer compositions can be
discriminated. (c) STM constant-current of an a-Fe/Ir-3 area; the stripes are of magnetic origin, gray-scale is 20 pm from black
to white. (d) Sketch of the magnetic unit cell (white rectangle) together with a tentative magnetic structure. Measurement
parameters: (a),(b) U = +100 mV, I = 1 nA; (c) U = +5 mV, I = 2 nA; all: T = 4.2 K, Cr tip.
6Figure 2. Growth and magnetism of b-Fe/Ir-3 and Fe/Ir-4 on
Re(0001). (a) STM constant-current image (partially differ-
entiated) of a sample with about 0.9 AL of Fe deposited onto a
sample with about 3.6 AL of Ir on Re(0001); the Ir/Re sample
before deposition of Fe is shown in Suppl. Fig. S2(c),(d) [23].
(b) Simultaneously acquired dI/dU map, in which the dif-
ferent layer compositions can be discriminated. (c) STM
constant-current image (partially differentiated) of the area
indicated by the box in (a). (d) STM constant-current image
of the indicated Fe/Ir-4 area exhibiting the Ne´el state; gray-
scale is 10 pm from black to white. (e) STM constant-current
images of the three different b-Fe/Ir-3 areas of (c), which
exhibit all possible rotational domains of an atomic-scale
roughly square magnetic state; gray-scale is 30 pm from black
to white. Measurement parameters: (a),(b) U = +100 mV,
I = 1 nA; (c)-(e) U = +5 mV, I = 4 nA; all: T = 4.2 K,
Cr-tip.
7Figure 3. Magnetic field dependence of Pd/Fe/Ir-3 on
Re(0001). (a) STM constant-current image (partially differ-
entiated) of a sample with about 0.5 AL of Pd on 0.9 AL of
Fe on 2.6 AL of Ir on Re(0001). (b) dI/dU map of the same
area in the magnetic virgin state. (c),(d),(e) dI/dU maps
at the indicated magnetic fields, in chronological order.
(f) dI/dU map of the central bottom Pd/Fe/Ir-3 island in a
different magnetic state in remanence. Measurement param-
eters: U = −40 nA, I = 1 nA (except for (f) with I = 2 nA),
T = 8.6 K, Fe/W-tip without a sign of spin-polarization in
this measurement.
